The study on a fluorescent probe that undergoes a H 2 S mediated cascade reaction to form an iminocoumarin fluorophore is reported. The probe features better water solubility and fast sensing time (t 1/2 = 6.1 min and response time = 24 min) as key advances compared to the reported probe that works on a similar mechanism. The sensing mechanism of the probe was demonstrated by mass spectrometric, HPLC titration and FT-IR titration methods. H 2 S sensing by the probe was characterized by a 31-fold fluorescence enhancement and alimit of detection of 169 nM. Application of the probe was demonstrated by imaging of H 2 S in live cells.
Introduction
Hydrogen sulfide (H 2 S) is well known for its pungent smell and noxious nature. The gaseous species is mainly produced from geological and microbial activities. Overexposure to the corrosive and flammable gas can cause eye irritation, inflammation in the respiratory tract, 1 loss of consciousness, and sudden cardiac death. H 2 S is also known to play crucial roles in various diseases such as Alzheimer's disease, 2 Down's syndrome, 3 diabetes, 4 and liver cirrhosis. In mammalian cells, H 2 S is produced endogenously from cysteine by enzymes, e.g. cystathionine-β-synthase (CBS), cystathionine-γ-lyase (CSE) 5 and 3-mercaptopyruvate sulfurtransferase (MST). 6 Recent studies revealed the importance of H 2 S as a redox signalling molecule 7 and made it the third-most important gasotransmitter 8 after carbon monoxide (CO) and nitric oxide (NO). 9 It can act as a scavenger for reactive oxygen species (ROS) 10 by producing sulfate, thiosulfate, sulphite, polysulfane, etc. 10 H 2 S also helps in healing of wounds 11 and hippocampal potentiation. 12 A state of hibernation can also be achieved by long exposure to the species. 13 In recent times, H 2 S releasing prodrugs are used for treating inflammation 14 and cardiovascular diseases. 15 These convoluted physiological roles of H 2 S and its therapeutic applications motivate researchers to monitor its trafficking and production in living cells. Traditionally, gas-chromatography, 16 colorimetric assay, 17 and polarographic sensors 18 are used for the detection of H 2 S.
However, these methods are less satisfactory for endogenous detection of H 2 S due to complex sample preparation, annihilation and the volatile nature of the species. Fluorometric methods involving molecular probes are more established for detecting various analytes with excellent selectivity and sensitivity. Generally, a variety of H 2 S mediated chemical reactions are used for the design of chemodosimeters. For example, precipitation of copper sulphide, 19-21 thiolysis of 2,4-dinitrophenyl ether, 22 azide to amine reduction, [23] [24] [25] [26] [27] [28] [29] [30] [31] nitro to amine reduction, 32, 33 and trapping of H 2 S by nucleophilic addition [34] [35] [36] [37] [38] are the established strategies for the development of H 2 S selective fluorescent probes. Due to the high significance of the azide to amine reduction in H 2 S sensing, the reaction was further applied for the development of cascade reaction based probes 1-4 (Fig. 1A ).
39-42
Herein, we report the synthesis of molecule 5 and its development as a fluorescent probe for sensing H 2 S (Fig. 1B) . The design of the present probe significantly contrasts with that of compounds 1-4. In previously reported probes, the fluorophore backbones were pre-existing, while probe 5 was designed to form the fluorophore backbone only upon the sensing process. The azido group was linked to initiate the sensing process via its reduction to the amino group 43, 44 45 to form the iminocoumarin fluorophore 7 and the bi-product 8 (Fig. 1B) . Very recently a probe based on a similar concept was reported by Sun and co-workers. 46 However their probe suffers from key limitations such as slow response to H 2 S, use of a high percentage of organic solvent (50% DMF), and a long incubation time (60 min) with live cells (Table S4 †) . These limitations can be accounted for based on the estimated (using Chemical Properties determination tool of ChemBioDraw program) water solubility (cLog S = −7.577) and permeability (cLog P = 6.8517) values of the probe. Therefore probe 5 was introduced as a more optimized druglike molecule by substituting the hydrophobic and bulky benzothiazole moiety with a more polar and smaller cyano group. Molecule 5 was envisaged as a better probe due to its superior cLog S and cLog P values of −5.799 and 4.8887, respectively. In this work, we will demonstrate the formation of the iminocoumarin 7 during the reaction of 5 with Na 2 S by using HPLC, FT-IR spectroscopy and mass spectral analysis. Subsequently, the proposed drug-like properties will be addressed and application of molecule 5 as a H 2 S selective fluorescent probe will be established.
Results and discussion

Synthesis
The starting material 4-(diethylamino)salicylaldehyde 9 was purchased from a commercial source and 1-azido-4-(bromomethyl)benzene 10 was synthesized as described in the literature. 47 The reaction of 9 with 1 equiv. of 10 in the presence of K 2 CO 3 afforded 11 in 50% yield (Scheme 1). The aldehyde 11 upon treatment with malononitrile provided the Knoevenagel condensation product 5 as a yellow solid (60% yield). The reporter molecule 7 was also synthesized following the methodology reported in the literature (Scheme S1 †). 45 All new compounds were characterized by NMR, IR-spectroscopy and mass-spectrometry. Compound 5 was additionally characterized by crystal XRD analysis (Scheme 1).
Photophysical properties
Experimental validation of fluorescence characteristics. The probe displayed appreciable water solubility and a water (1 mM CTAB)/EtOH (9 : 1) system was used for photophysical property and sensing studies. UV-vis ( Fig. 2A ) and fluorescence . HPLC analysis for proving the mechanism. To confirm the formation of iminocoumarin 7 from probe 5 during H 2 S mediated reaction, HPLC titrations of 5 with increasing concentration of Na 2 S were performed. All reactions were carried out in a water (1 mM CTAB)/EtOH (9 : 1) system and chromatograms were recorded with acetonitrile and water as the eluent in a gradient method ( Fig. S5-S8 †) . Under comparable conditions, compounds 5 and 7 exhibited retention times t R = 9.16 and 4.99 min, respectively (Fig. 3) . When reaction mixtures containing 5 and Na 2 S (5 and 10 equiv.) were analyzed, the peak corresponding to the probe 5 reduced with a simultaneous enhancement of the peak related to 7. When probe 5 was subjected to a reaction with Na 2 S (2 equiv.) in EtOH for 5 min, and the mixture was analyzed by MALDI mass spectrometry, signals corresponding to various intermediates including 6 (m/z = 384.2296 for [ S9 †) . FT-IR analysis for proving the mechanism. To confirm the formation of iminocoumarin 7 from probe 5, FT-IR spectra for 5 ( Fig. 4D) and 7 (Fig. 4A) were recorded. Similarly, data were also recorded for the sample containing a mixture of 5 and an increasing equivalent of Na 2 S (Fig. 4C and B for 0.5 and 1.0 equiv. of Na 2 S, respectively). These reactions were performed in EtOH for 3 h and spectra were recorded using KBr pellets after complete evaporation of the solvent. FT-IR data indicated significant changes in the 1525-1675 cm −1 region.
The signal transmittance around 1557 cm −1 (i.e. for C 1 vC 2 stretching) decreased with the appearance of a new signal around 1590 cm −1 (i.e. for C 1′ vC 2′ stretching). Formation of the iminocoumarin ring during sensing was also confirmed by the appearance of a new signal around 1650 cm −1 (i.e. for C 3′ v N 4′ stretching). Determination of the response time. Based on the aforestated outcome, kinetics of the H 2 S mediated cascade reaction was studied. The probe 5 (10 µM) was treated with Na 2 S (150 µM) in water (1 mM CTAB)/EtOH (9 : 1) and fluorescence spectra (λ ex = 440 nm) were recorded at various time intervals. Experiments suggested a decrease in the fluorescence intensity at 580 nm and stepwise enhancement of the intensity at 480 nm (Fig. 5A) . Subsequently, the disappearance of the probe 5 (i.e. the signal intensity at 580 nm) and formation of 7 (i.e. the signal intensity at 480 nm) were monitored with time (Fig. 5B) . The reaction kinetics of reporter release provided the pseudo first order rate constant, k = 0.113 min −1 with t 1/2 = 6.1 min and a response time of 24 min (Fig. S10 †) . Therefore the outcome confirms the better reactivity of the probe 5 over the probe reported by Sun and coworkers. Kinetic stability and naked-eye detection. Furthermore, the probe 5 (10 μM) was separately treated with Na 2 S, Cys, Hcy and GSH (150 μM each) for 30 min and fluorescence spectra were recorded. The fluorescence intensity enhancement at 480 nm was observed only for Na 2 S, and the probe was inert to other biothiols (Fig. 6A) . The reaction of the probe 5 with Na 2 S was also associated with the change of fluorescence (by placing it under the hand held UV-lamp at λ ex = 365 nm) from faint orange to a strong blue (Fig. 6B) .
Selectivity studies for 5. Encouraged by these results, the selectivity of probe 5 towards H 2 S was further evaluated. When 5 (10 µM) was treated separately with ranges of analytes (e.g. GSH, Hcy, Cys, F (Fig. 7, blue bars) . However, further addition of Na 2 S to the same cuvettes provided a considerable fluorescence enhancement (Fig. 7 , brown bars). The addition of Na 2 S to 5 provided a 31-fold enhancement in fluorescence intensity (Fig. 6 , leftmost brown bar). This selectivity study proved the selectivity of the probe 5 towards H 2 S, even in the competing environment of other bio-relevant species. Quantitative response of 5 towards H 2 S. Subsequently, the quantitative response of the probe 5 upon detection of H 2 S was evaluated by fluorescence spectroscopy. Strong enhancement in the fluorescence intensity (at λ ex = 440 nm) was observed when 5 (10 µM) was treated with the increasing concentration of Na 2 S (0 to 15 equiv.) for 30 min (Fig. 8) . When fluorescence intensities at 480 nm were plotted against the respective Na 2 S concentration values, an excellent linear correlation was observed up to 5 equiv. of the analyte (Fig. 8, inset) . From the linear region of the diagram (concentration range of Na 2 S = 2-50 µM), the limit of detection, LOD = 169 nM (Table S3 †) was calculated by applying the reported formula, LOD = 3σ/m (where σ = standard deviation of the fluorescence intensity of 8 blank measurements, and m = slope of the intensity versus concentration plot). On the basis of these results, applicability of compound 5 as a selective and sensitive probe for the detection of H 2 S was established.
Application of 5 in live-cell imaging. Finally, cell permeability of the probe 5 and its ability to detect intracellular H 2 S were evaluated by live-cell imaging studies. Human cervical cancer cell line (HeLa) was used for cell imaging studies. Very weak fluorescence was observed when HeLa cells were incubated with only probe 5 (10 μM in 1 : 100 DMSO-DMEM v/v, pH = 7.4) at 37°C for 30 min (Fig. 9A-C for brightfield, fluorescence and overlay images, respectively). However, further incubation of these cells ( pre-incubated with 5) with Na 2 S (100 μM in 1 : 100 H 2 O-DMEM, pH = 7.4) at 37°C for 30 min resulted in a strong fluorescence inside the cells (Fig. 9D-F for brightfield, fluorescence and overlay images, respectively). The appearance of fluorescence only after the incubation with Na 2 S confirms the reaction of the probe 5 with H 2 S present inside these cells (generated from Na 2 S).
Conclusion
In short, we synthesised a benzylidenemalononitrile-based fluorescent H 2 S probe 5 that forms an iminocoumarin derivative 7 as the reporter molecule. Molecule 5 was analyzed first to obtain theoretical estimates of its water solubility (cLog S = −5.799) and permeability (cLog P = 4.8887). Treatment of Na 2 S with 5 triggered the H 2 S mediated azide-to-amine reduction, and this further facilitated a cascade reaction sequence leading to the formation of the fluorophore. The mechanism of the reaction was proved by HPLC analysis, mass spectrometry and FT-IR spectroscopy. The probe was capable of sensing H 2 S in the presence of biological thiols (Cys, Hcy and GSH), ROS, reducing agents and other biological nucleophiles. H 2 S sensing by the probe provided a fast response ( pseudo first order rate constant, k = 0.113 min −1 , t 1/2 = 6.1 min and a response time of 24 min). The probe also provided a 31-fold fluorescence enhancement and a detection limit of 169 nM. Cell permeability of the probe and its ability to detect intracellular H 2 S were demonstrated by live-cell imaging studies.
Experimental section
General methods
All the chemicals were purchased from commercial sources and used as received unless stated otherwise. All reactions were conducted under a nitrogen atmosphere, unless stated otherwise. Solvents: petroleum ether and ethyl acetate (EtOAc) were distilled prior to thin layer and column chromatography. Dichloromethane (DCM) was pre-dried over calcium hydride and then distilled under vacuum. Column chromatography was performed on Merck silica gel (100-200 mesh). TLC was carried out with E. Merck silica gel 60-F 254 plates.
Physical measurements
The 1 H and 13 C spectra were recorded on 400 MHz Jeol ECS-400 (or 100 MHz for 13 was dissolved in 5 mL DMF. Subsequently, 4-(diethylamino)-2-hydroxybenzaldehyde 9 (258 mg, 1.34 mmol) and K 2 CO 3 (278 mg, 2.01 mmol) were added. The reaction mixture was stirred at room temperature for 2.5 h. After completion of the reaction, the reaction mixture was extracted with ethyl acetate (20 mL × 3). The combined organic layer was washed with water (10 mL × 3) and brine (30 mL) and dried over Na 2 
Live-cell imaging
HeLa cells were purchased from the National Centre for Cell Science, Pune (India). HeLa cells were grown in DMEM supplemented with 10% heat inactivated fetal bovine serum (FBS), 100 IU mL −1 penicillin, 100 mg mL −1 streptomycin and 2 mM L-glutamine. Cultures were maintained under a humidified atmosphere with 5% CO 2 at 37°C. The cultured cells were subcultured twice in each week, seeding at a density of about 15 × 10 3 cells per mL −1 . The trypan blue dye exclusion method was used to determine the cell viability. The fluorescence images were recorded using an Olympus Inverted IX81 equipped with a Hamamatsu Orca R2 microscope by exciting at λ ex = 460-480 nm (by using a GFP filter). The HeLa cells were incubated with a solution of the probe 5 (10 μM in 1 : 100 DMSO-DMEM v/v, pH = 7.4) at 37°C for 30 min. The fluorescence images were acquired after washing with PBS. In this case less significant fluorescence was observed. Another set of HeLa cells was pre-incubated with probe 5 (10 μM in 1 : 100 DMSO-DMEM v/v, pH = 7.4) at 37°C for 30 min followed by washing with PBS and incubation with Na 2 S (100 μM in 1 : 100 DMSO-DMEM v/v, pH = 7.4) at 37°C for 30 min. After washing with PBS the fluorescence images showed strong green fluorescence (Fig. 9E) .
